Abstract. In the design of heavy rotary table, the distance between hydrostatic circular pad and guide rail is thought to be kept parallel. The influence of the bias load, manufacturing error and local deformation cannot be avoided in the process of using rotary table, which can cut down the load-carrying capacity and machining accuracy of the heavy machine tool. In this paper, the effects of partial load, manufacturing error and thermal deformation on the slope of the guide rail are considered, and the influence factors are established by finite difference method. The simulation results show that the performance of the oil pad is greatly reduced. The friction heat of the oil has a significant effect on the performance and the change of the oil pad.
Introduction
Hydrostatic rotary table is widely used in the ultra precision machine tools and instruments industry as a high performance CNC machine tools, because of the potential characteristics of high load-carrying capacity, high precision, low running friction, long service life, and good seismic performance. In the design and manufacture of hydrostatic rotary table, hydrostatic circular pad is one of the key components which performance directly affects the load-carrying capacity and working stability of the hydrostatic rotary table. The basic design guidance of hydrostatic bearing performance for different pad geometries has been proposed by Fuller [1] , Rippel [2] , and Rowe [3] .Further researches of hydrostatic thrust bearings with various operating situations have also been carried out, such as turbulent lubrication by Khalil and Ismail [4] , selection of parameters for minimum power and low temperature rise by Rowe et al. [5] , optimization of bearing stiffness by Ling [6] , and dynamic stiffness and damping behaviors by Ghosh and Majumdar [7] .All the above studies focus upon the performance characteristics of hydrostatic thrust bearings with the ideal assumption that bearing surfaces are perfectly smooth. Patir and Cheng [8, 9] developed an average flow model of a randomly generated rough surface with known statistical properties over the surface area. In this model, the actual flow between rough bearing surfaces is equated to an averaged flow between nominally smooth bearing surfaces. Using stochastic concept, a film averaging concept for striated roughness was introduced by Christensen [10, 11] .
However, with the development of modern technology and processing industry, the machining accuracy of workpiece becomes higher and higher which leads to the fact that manufacturing precision of machine tool itself also cannot be ignored. Under these situations, the influence of surface roughness on the bearing characteristics should be considered.
Based upon literature, we found the investigation of tilt effect is not sufficient. In fact, it often cannot be in a parallel state between the guide and the supporting oil pad of turntable due to the manufacturing error, partial load and local deformation of the turntable. Thus, an in-depth research, focused on the impact of tilting is necessary and useful. In this work, simplified motion, continuity and energy equations were developed and solved using the finite difference method. Then, the pressure distribution and temperature distribution of hydrostatic oil film were obtained. In addition, recess pressure, load carrying capacity, stiffness coefficients and damping coefficients at different tilting angle were calculated and analyzed.
Mathematic Model
In this study, it is assumed that thin film lubrication theory is applicable and the flow in bearing is laminar. Also, the density and viscosity are assumed to be temperature dependent. Thus, the continuity and N-S equations can be simplified as: (1) and integrating it along the film thickness, the Reynolds equations can be written as:
The simplified energy equations can be written as follows:
In which no great temperature change is assumed as well as coefficient k, the fluid is considered to be incompressible and under steady-state conditions. Viscosity η and density ρ are related to temperature with the following relationships: The typical configuration of a circular step recess oil pad is illustrated in Figure 2 . 
The flow rate and the recess pressure can be obtained from governing equation, which is given by:
Also load carrying capacity, stiffness and damping coefficients is given by 
z 0
Application and Verification
The initial parameters were chosen in accordance with one hydrostatic rotary table and are listed in Table. 1. Various bearing characteristics were calculated and analyzed. To ensure the grid independence of the results, the numerical simulation were carried out on different grid systems of nr n nz ϕ × × which consisted of 80×80×80, 60×60×60, 40×40×40 and 20×20×20 grid points. The load carrying capacity under different tilting angles was obtained on different grids. They have been compared and presented in Figure 4 . We found that they just have little difference even at maximum tilt angle and at last 60×60×60 grids system has been chosen to yield a real and effective solution. 
In this simulation, various bearing performances of hydrostatic circular step pads with tilt angle and thermal effects have been calculated. The changing law of bearing characteristics with tilt angle will be analyzed. Finally, various parameters including recess pressure, load carrying capacity, stiffness and damping are compared to prove the necessity of considering thermal effects. In order to better analyze the results, some parameters like: load carrying capacity, recess pressure, temperature, stiffness and damping coefficients have been normalized by division these parameters with no tilt angle or other parameters. The variations of normalized bearing performance with the inner radius are shown in Figure 7 . It is discovered that all the bearing properties are decreases with increasing inner radius in different curves. Recess pressure with tilt is most sensitive to inner radius (even reduce 90% at maximum inner radius) and mean film temperature with tilt is most insensitive to inner radius (only reduce 3.5% at maximum inner radius). The variations of The pressure profiles along the various circumferential positions are shown in Figure 8 . This hydrostatic pad is tilted in x direction. It was observed that the fluid film pressure profiles changes significantly with tilt parameter, one side increases obviously and the other side has some decrease. As shown in Figure 8 . It can also be observed that the increase magnitude in the fluid film pressure is greater than the decrease magnitude when the pad is in operation with tilt. As a result, the load carrying capacity of the fluid film will increases with increasing tinting angle, if recess pressure keeps constant. The thermal effects result in a decrease magnitude on the load bearing characteristics of the pad and the changing rule of decreasing rate with tilting angle is illustrated in Figure 9 . Thermal effects on load carrying capacity and recess pressure are similar and the influence rates are between 2% and 3%, while the influence rate on damping coefficients is between 4.4% and 9.7%, and that on stiffness coefficients is between 6.5% and 10.2%. Figure 9 . The Influence Rate of Thermal Effects to the Performance of Hydrostatic Pad.
Conclusions
In the present work, dynamic and static performance characteristics of hydrostatic oil pads under tilt and thermal effects were studied. The coupled Reynolds equation and energy equation with tilt was solved by finite difference method. Results can be summarized as follows:
1) The dynamic and static performance of circular step hydrostatic oil pads change significantly due to tilt and thermal effects.
2) Recess pressure, load carrying capacity, stiffness coefficients and damping coefficients decrease remarkably with tilt and maximum decrease are as high as 50%. However, reduction the value of inner radius is good for the anti-tilt ability enhancement of hydrostatic oil pad.
3) Pressure distribution and temperature distribution also have tremendous impact. The film pressure has a larger increase at the rise parts of guide rail and a small decrease at the fall parts of the guiderail, while the film temperature has a larger increase at the parts of guide rail rise and only a small rise at the fall parts of the guiderail.
